Introduction
Astaxanthin is a carotenoid that exists naturally in various plants, algae, and seafood. Its unique molecular structure may impart a potent antioxidant capacity. Astaxanthin is used extensively in the aquaculture feed industry for its pigmentation characteristics, but it is not currently approved for use in other food animals in the United States.
Although it is used primarily for pigmentation of farmed salmonids, astaxanthin may also be essential for their improved growth and survival.
The inclusion of astaxanthin in poultry diets has been reported to improve egg production and the general health of laying hens. In addition, improvements in chick growth and feed utilization during the first 3 wk of life, as well as resistance to Salmonella infection, have also been observed with astaxanthin supplementation (AstaReal, 2006 3 ). Astaxanthin also has been found to improve the color shelf-life of poultry products, with studies reporting changes in egg yolk color and poultry muscle color that could improve consumer acceptance (Akiba et al., 2000 4 ; 2001 5 ; and Yang et al., 2006 6 ).
In a study performed in Korea by Yang et al., (2006 6 ), feeding 1.5 and 3 ppm astaxanthin to finishing pigs for 14 d before slaughter linearly improved dressing percentage and loin muscle area and decreased backfat thickness. There were no differences in meat color score. More recently, we (Bergstrom et al., 2009 7 ) also observed tendencies for reduced backfat thickness and improved carcass leanness when feeding 5, 10, and 20 ppm astaxanthin. We did not observe differences in dressing percentage; however, there were trends for improvements in the instrumental color measurement of the loin muscle surface after 30 m of bloom time at 24 h postharvest. Relatively few animals were used in either of these studies, and the potential effects of astaxanthin on pork color shelf-life have only recently been reported (Carr et al., 2010 8 ).
The effects of ractopamine HCl on the growth and carcass characteristics of pigs is well established, but its effects on pork quality are not as well understood. Some research indicates that pigs fed ractopamine HCl may be more prone to stress during preharvest handling, which may have implications for reduced pork quality. Further research is needed to understand those effects. Therefore, our objective was to evaluate the effects of feeding various levels of astaxanthin, ractopamine HCl, and their combination for approximately 26 d before slaughter on finishing-pig growth performance, carcass characteristics, and pork color shelf-life.
Procedures
The Kansas State University (K-State) Institutional Animal Care and Use Committee approved the protocol used in this experiment. The project was conducted at the K-State Swine Teaching and Research Farm. Pigs were housed in an environmentally controlled finishing building with pens over a totally slatted floor that provided approximately 10 ft 2 / pig. Each pen was equipped with a dry self-feeder and a nipple waterer to provide ad libitum access to feed and water. The facility was a mechanically ventilated room with a pull-plug manure storage pit.
A total of 72 barrows and 72 gilts (PIC TR4 × C22, initially 226 lb) were used in this study. Pigs were blocked by gender and weight, and randomly allotted to 1 of 9 dietary treatments. There were 2 pigs per pen and 4 pens per treatment × gender combination (8 replications of each dietary treatment). Dietary treatments consisted of a cornsoybean meal-based control, the control with 5, 7.5, and 10 ppm astaxanthin (AX) from Phaffia rhodozyma yeast (Aquasta, IGENE Biotechnology, Columbia, MD), the control with 5 ppm pure synthetic AX (Carophyll Pink, F. Hoffman La Roche Ltd., Basel, Switzerland), and the control with 10 ppm ractopamine HCl (Paylean, Elanco, Greenfield, IN) and 0, 2.5, 5, and 7.5 ppm AX from Phaffia rhodozyma yeast. Experimental diets were fed in meal form, and AX and/or Paylean were added to the control diet at the expense of cornstarch to achieve the dietary treatments (Table 1 ). Pigs and feeders were weighed weekly and approximately 18 h before harvest to determine ADG, ADFI, F/G, and final BW.
To ensure that the harvest procedures would occur in accordance with Institutional Animal Care and Use Committee standards and the capabilities of the K-State Meats Lab, the barrow feeding period ended on d 22 when they were transported to the abattoir for humane slaughter. The gilt feeding period ended one week later on d 29, when they were also transported for humane slaughter. This resulted in a similar final BW for barrows and gilts.
Immediately after evisceration, HCW was measured and recorded. First-rib, 10th rib, last-rib, and last-lumbar backfat depth, as well as longissimus muscle area at the 10 th and 11 th rib interface, were collected from the right half of each carcass 24 h postmortem. After obtaining carcass measurements, an 8-in.-section of the loin, caudal to the 10 th and 11 th rib interface, was removed from the carcass of 1 randomly selected pig per pen, vacuum-packaged, and frozen at 20°C. Additionally, subjective lean color scores (1 = white to pale pinkish gray to 6 = dark purplish red, National Pork Producers Council, 2000 10 ) were determined on d 0 of retail display from the average of scores provided by 11 trained panelists. The same panelists provided scores for lean surface discoloration (1 = no discoloration, very bright pinkish red to 7 = total discoloration, extremely dark pinkish gray/tan; Hunt et al., 1991 11 ) on d 0 to 7 of retail display. When an individual package received a mean discoloration score > 4 it was classified as having an unacceptable appearance and removed from display. Also, the number of days that each package maintained an acceptable appearance (≤ 4) was used to determine the color shelf-life. Packages that were removed for an unacceptable appearance were assigned a discoloration score of 5 for the remaining days of retail display.
Data were analyzed as a randomized complete block design using the PROC MIXED procedure of SAS (SAS Institute, Inc., Cary, NC) to evaluate the effects of dietary treatment, gender, and their interactions. Pen was the experimental unit. Pork quality data collected during retail display were analyzed as repeated measures, with d as the repeated variable and loin chop as the subject. Preplanned orthogonal contrasts were used to evaluate the effects of gender, AX, AX from Phaffia rhodozyma yeast, synthetic AX, and Paylean; and linear and quadratic polynomial contrasts were used to determine the effects of increasing AX from Phaffia rhodozyma yeast within the non-Paylean and Paylean treatments.
Results
The analyzed levels of AX for the experimental diets were 0.05, 4.80, 6.85, and 7.43 ppm for the non-Paylean control diet and 5, 7.5, and 10 ppm AX from Phaffia rhodozyma yeast treatments, respectively; 7.48 ppm for the 5 ppm synthetic AX treatment; and 0.47, 2.39, 5.64, and 7.91 ppm for the Paylean treatments with targeted levels of 0, 2.5, 5, and 7.5 ppm AX from Phaffia rhodozyma yeast, respectively.
No treatment × gender interactions were observed for growth and carcass characteristics during the study. Overall, barrows had greater (P < 0.01) ADG and ADFI than gilts (Table 2) . However, the gilts achieved a similar final BW at harvest due to being fed 1 wk longer before harvesting. Pigs fed Paylean had greater (P < 0.01) ADG and final BW, and improved F/G (P < 0.01) compared with non-Paylean-fed pigs (Table 3) . There were no differences in growth for pigs supplemented with AX. Barrows had greater (P < 0.01) backfat depth and reduced (P < 0.01) 10 th -rib loin area and percentage fat-free lean compared to gilts. Pigs fed Paylean had greater (P < 0.03) HCW, yield, 10 th -rib loin area, and fat-free lean than non-Paylean-fed pigs.
The initial subjective color scores of longissimus chops placed on retail display were not different (Table 4) . However, the discoloration scores of the chops increased (linear, P < 0.001; quadratic, P < 0.001) from d 0 to 7 of retail display. Although the discoloration scores were not different among the dietary treatments or gender on d 0, the discoloration scores of chops from gilts were lower (day × gender, P < 0.001; barrow vs. gilt, P < 0.001) than those of barrows on d 3 to 7 of retail display and overall. The discoloration scores of chops from pigs fed Paylean were lower (P < 0.001) than those of pigs not fed Paylean on d 3 to 7 and overall, but the gender differences in discoloration score were less among the chops that originated from pigs fed Paylean (dietary treatment × gender, P < 0.001). Among the chops from pigs fed Paylean, the discoloration score was lowest (quadratic, P < 0.001) from d 3 to 7 and overall for pigs fed the highest level of 7.5 ppm AX from Phaffia rhodozyma yeast.
The repeated, subjective evaluations for discoloration were also utilized to determine the average color shelf-life (Figure 1 ). Chops from gilts had a greater (P < 0.0001) color shelf-life than those from barrows, and chops from pigs fed Paylean had a greater (P < 0.001) color shelf-life than those from non-Paylean-fed pigs.
When comparing the objective measurements of the lean color of longissimus chops, there were no differences observed in the CIE L* (measure of lightness/darkness, white = 100 and black = 0) measured over 7 d (Table 5 ). However, there was a dietary treatment × gender interaction (P < 0.001) observed for the CIE a* (measure of redness, larger value = more red). This occurred because, among the chops from pigs fed the non-Paylean diets, the decrease (linear, P < 0.01) in the CIE a* with increasing concentration of AX from Phaffia rhodozyma was more evident among barrows. A day × gender interaction (P < 0.001) was also observed for the CIE a* because the decrease (linear, P < 0.001) in CIE a* values during the 7 d of retail display was greater for barrows when compared to those of gilts. Nevertheless, the CIE a* of longissimus chops from Paylean-fed pigs was reduced (P < 0.001) compared to those from non-Paylean-fed pigs. Among the chops from pigs fed Paylean, the CIE a* was reduced (quadratic, P < 0.001) as the concentration of AX from Phaffia rhodozyma rose to 5 ppm before it increased at 7.5 ppm AX. The CIE b* (measure of yellowness, larger value = more yellow) of the longissimus chops decreased (linear, P < 0.001) during the 7 d of retail display, and was lower (P < 0.001) for chops from pigs fed Paylean. Among the chops from pigs fed the non-Paylean diets, the CIE b* decreased (linear, P < 0.001) with increasing concentration of AX from Phaffia rhodozyma.
Collectively, the changes in the CIE L*, a*, and b* of chops from d 0 to 3 resulted in differences in the change in total color (∆E) from d 0 to 3 (Figure 2 ). Chops from pigs fed Paylean and gilts had less (P < 0.001) change in total color than pigs fed non-Paylean diets and barrows.
Discussion
These results agree with previous research reporting differences in growth performance and carcass characteristics between barrows and gilts, and the improvements associ-ated with feeding Paylean. However, unlike our previous experiment (Bergstrom et al., 2009¹²), we did not observe improvements in carcass characteristics from feeding AX. Although lower levels of AX were included in the present experiment, Yang et al. (2006¹³) reported improvements in carcass characteristics with feeding 1.5 and 3 ppm AX for 14 d. In the present experiment, it is interesting that the measures of carcass leanness were numerically improved among the pigs fed the non-Paylean diets when they received the highest level of AX from Phaffia rhodozyma (10 ppm) and 5 ppm synthetic AX. Likewise, measures of carcass leanness were numerically improved with feeding 7.5 ppm AX from Phaffia rhodozyma when the diets contained Paylean. Carr et al. (2010¹⁴) reported a reduction in backfat depth with feeding 66.7 ppm AX, but the AX carcasses also had a numerically lighter weight than that of the controls in that study.
Pork producers, processors, and food companies are interested in technologies that will improve consumer acceptance of pork products. The product appearance and color shelf-life are important criteria affecting both consumer and retailer preferences. Pork shelf-life is most limited by the development of brown or gray discoloration during retail display, which generally occurs long before it has spoiled. A growing number of consumers are also interested in minimally processed products that are enhanced "naturally." Astaxanthin from Phaffia rhodozyma yeast may qualify as a "natural" feed ingredient, and is currently used in diets for other food-animals in other parts of the world.
As expected, the day of retail display affected subjective and objective measures of the lean color of longissimus chops. The subjective discoloration scores provided by the trained panel increased during 7 d of retail display. Although there were no differences in the initial subjective color scores, the lean color of chops from gilts and pigs fed Paylean became discolored more slowly. This agreed with the reduction in the objective measure of total color change from d 0 to 3 for chops from gilts and pigs fed Paylean. Changes in the objective measure of lean color during the first 3 d of display involved reductions in the CIE a* and CIE b* measurements. The CIE a* and CIE b* measurements were also initially lower for chops from pigs fed Paylean. Collectively, the reduced discoloration and change in total color observed for chops from gilts and pigs fed Paylean were associated with a longer color shelf-life.
Although increasing concentrations of AX were associated with differences in lean color during retail display, there were no significant effects of AX on the overall color shelf-life or total color change from d 0 to 3. However, chops from pigs fed 7.5 ppm AX from Phaffia rhodozyma in the diets containing Paylean had the lowest discoloration scores, high CIE a* values on d 3, numerically lowest total color change from d 0 to 3, and numerically longest color shelf-life. Carr et al. (2010) have also reported that AX may improve color characteristics of pork during retail display.
In conclusion, although there were no differences in the color of fresh longissimus chops to indicate any consumer preferences initially, the color shelf-life was increased during retail display for chops from pigs fed Paylean approximately 26 d pre-harvest. Also, longissimus chops from gilts had a greater color shelf-life than chops from barrows. Although modest differences in the color of chops from pigs fed AX were observed, color shelf-life was not significantly influenced by the levels of dietary AX used in this study. 3 Aquasta, IGENE Biotechnology, Columbia, MD. 4 Carophyll Pink, F. Hoffman La Roche Ltd., Basel, Switzerland. 5 B = barrow and G = gilt. 6 Color score: 1 = white to pale pinkish gray to 6 = dark purplish red (National Pork Producers Council, 2000). 7 Discoloration score: 1 = no discoloration, very bright pinkish red to 7 = total discoloration, extremely dark pinkish gray/tan (Hunt et al., 1991). Individual sample packages that received a mean discoloration score ≥ 4 were deemed to have an unacceptable appearance and removed from display. Sample packages removed for an unacceptable appearance were given a discoloration score of 5 for the remaining days of retail display. 8 Discoloration statistics: dietary treatment × gender (P < 0.001), day × gender (P < 0.001), day (linear, P < 0.001; quadratic, P < 0.001), barrow vs. gilt (P < 0.001), ractopamine HCl vs. non-ractopamine HCl (P < 0.001), astaxanthin from Phaffia rhodozyma within ractopamine HCl (linear, P < 0.03; quadratic, P < 0.01). 9 Color shelf-life statistics: barrow vs gilt (P < 0.0001), ractopamine HCl vs non-ractopamine HCl (P < 0.001). 
